Using low-temperature high-magnetic-field scanning tunneling microscopy and spectroscopy (STM/STS), we systematically study a graphene quantum dot (GQD) defined by a circular graphene p-p junction. Inside the GQD, we observe a series of quasi-bound states arising from whispering-gallery-mode (WGM) confinement of the circular junction and directly visualize these quasi-bound states down to atomic dimensions. By applying a strong magnetic field, a large jump in energy of the quasi-bound states, which is about one-half the energy spacing between the quasi-bound states, is observed. Such a behavior results from turning on a π Berry phase of massless Dirac fermions in graphene by a magnetic field. Moreover, our experiment demonstrates that a quasi-bound state splits into two peaks with an energy separation of about 26 meV when the Fermi level crosses the quasi-bound state, indicating that there are strong electron-electron interactions in the GQD.
The so-called Klein tunneling in graphene, which is characterized by perfect transmission for normal incidence and nearly perfect reflection for large-angle oblique incidence of massless Dirac fermions at p-n junctions, is one of the most exotic phenomena in solid-state systems [1] [2] [3] [4] [5] [6] . Very recently, the Klein tunneling in graphene, i.e., the unusual anisotropic transmission, has been explored extensively in experiment [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . For example, it was demonstrated explicitly that the nearly perfect reflection for oblique incidence leads to whispering-gallery-mode (WGM) confinement of the massless Dirac fermions and, consequently, results in the formation of quasi-bound states in circular graphene p-n junctions [7, 9, 10, 12] . Meanwhile, the perfect transmission and no reflection for normal incidence enable turning on and off a  Berry phase of the temporarily confined massless Dirac fermions by a magnetic field, which results in a sudden and large jump in energy of the quasi-bound states in the circular graphene p-n junctions [14, 15] . Perhaps because the fact that states at positive and negative energies are intimately linked is the essential feature responsible for the Klein tunneling in quantum electrodynamics (QED), therefore, only p-n junctions that interconnect electron and hole states in graphene are studied in experiment up to now.
In this paper, we demonstrate that the unusual anisotropic transmission of the massless Dirac fermions (the Klein-like tunneling) also holds true for graphene p-p junctions.
We systematically study electronic properties of a graphene quantum dot (GQD) defined by a circular graphene p-p junction using low-temperature high-magnetic-field scanning tunneling microscopy (STM). Both the quasi-bound states arising from the WGM-type confinement and the large jump in energy of the quasi-bound states induced by turning on the  Berry phase are observed in the GQD. Our experiment also demonstrates that a quasi-bound state splits into two peaks when the Fermi level crosses the quasi-bound state. Such a result indicates that strong electron-electron interactions may play an important role in affecting electronic properties of the GQD.
In our experiment, the graphene monolayer is directly synthesized on a Cu foil via a traditional low-pressure chemical vapor deposition method [17, 18] , and then the graphene sheet is transferred onto another Cu foil (see supplemental materials Figure   S1 and S2 for details [19] ). Previous studies indicate that the graphene monolayer directly synthesized on the Cu foil is usually n doped [10] [11] [12] 16] . Introducing monolayer Cu vacancy island or intercalating monolayer S island between the graphene sheet and the substrate will locally enlarge distance between the graphene and the Cu foil and, as a consequence, change the graphene sheet to be p doped. Therefore, only graphene n-p junctions are studied previously [10] [11] [12] 16] . However, for the graphene sheet transferred onto the Cu foil, two different features arising from the transfer process are obtained. First, the transfer process locally enlarges distance between the graphene sheet and the Cu foil, which makes large-area graphene sheet p doped. Then, the roughness of interface introduced by the transfer process can locally affect the doping of graphene and, consequently, generate p-p junctions in the graphene. Second, the transfer process reduces the interactions between the graphene sheet and the Cu foil, which enables us to locally measure Landau quantization of the graphene sheet in high magnetic field (see Figure S3 of supplemental materials [19] ). Then, we can directly obtain the Dirac point of graphene according to the measured zero Landau level in high magnetic fields. To further explore the quantum confinement of the massless Dirac fermions in the GQD defined by the circular p-p junction, we carry out theoretical calculations of a GQD in a continuous graphene sheet based on the lattice Green's function (see supplemental materials [19] for details) [20] . The radius of the GQD is R = 13 nm, the Dirac points on and off the GQD are 40 meV and 280 meV respectively, as schematically shown in Fig. 2(a) . In the GQDs defined by a circular p-n junction, it was demonstrated explicitly that a magnetic field will lead to a sudden and large jump in energy of the higher-angularmomentum quasi-bound states when the magnetic field reaches a critical value BC [14] [15] [16] 21, 22] . Such a behavior arises from the fact that the Berry phase of the quasiparticles confined in the GQDs can be switched on and off by the magnetic field because of the relativistic nature of the quasiparticles. In our experiment, we demonstrate that similar behavior could also be observed in the GQD defined by the circular p-p junction. Figure   3 (a) shows two representative tunneling spectra measured near the edge of the GQD in zero magnetic field and in the magnetic field of 8 T, respectively. A large increase in energy of the quasi-bound states, which is about one-half the energy spacing between the quasi-bound states, is clearly observed when we measure the spectra in the high magnetic field. This experimental result can be understood in terms of the Berry phase [14] [15] [16] 21, 22] and the schematic figures shown in Fig. 3(b-d) provide an intuitive visualization of this phenomenon. The applied magnetic field bends the trajectories of the quasiparticles and changes their orbits. Above the critical magnetic field, the Lorentz force can twist the orbit with angular momentum antiparallel to the field into a skipping orbit with loops, as shown in Fig. 3(c) . Then, the closed momentum space trajectories enclose the Dirac point ( Fig. 3(d) ), which adds a Berry phase of  to them and shifts the energy levels of the quasi-bound states accordingly. The value of the critical magnetic field depends sensitively on the profile of the junction and, in our experiment, it can be theoretically estimated as about 4 T (see supplemental materials [19] for details). Therefore, it is reasonable to observe the jump in energy of the quasibound states in the magnetic field of 8 T. Besides the shifts of the energy levels of the quasi-bound states, there are several weak peaks in the tunneling spectrum recorded in the high magnetic field (Fig. 3(a) ). These weak peaks are attributed to the Landau levels of graphene monolayer outside the GQD generated in the presence of large perpendicular magnetic fields.
In our experiment, one of the quasi-bound states in the GQD is located around the Fermi level and an unexpected feature of this quasi-bound state is observed, as shown in Fig. 4(a) . When the Fermi level crosses the quasi-bound state, it splits into two peaks flanking the Fermi energy with an energy separation of ~26 meV. Such a behavior has never been reported before in the GQDs and reminds us the quantum Hall isospin ferromagnetic states in graphene, where the Landau level will split when it is partially filled [23] [24] [25] [26] [27] . For the quantum Hall ferromagnetism, exchange interactions are plausible origin of the splitting and external magnetic fields are necessary to realize such a state. Very recently, it was demonstrated explicitly that a van Hove singularity of twisted graphene bilayer (TGB) will also split when it is partially filled [28] [29] [30] [31] [32] and such a splitting is closely related to strongly correlated states, such as the Mott insulating phase and superconductivity, in the magic-angle TGB [33] [34] [35] . It is interesting to note that the energy separation of the two peaks in our experiment is of the order of the on-site Coulomb repulsion in the GQD, which can be estimated as e 2 /(4R) ~ 30 meV. Here e is the electron charge,  ~ 30 is the effective dielectric constant of graphene [36] and R is the radius of the GQD. At present, we do not know the exact reason of the splitting. However, the emergence of the splitting when the quasi-bound state is partially filled indicates that electron-electron interactions may play a vital role in affecting electronic properties of the GQD, especially when the quasi-bound state is around the Fermi level (Fig. 4(b) and 4(c) ).
In conclusion, the quasi-bound states arising from the WGM-type confinement and the large jump in energy of the quasi-bound states induced by turning on the  Berry phase are observed in the GQD defined by the graphene p-p junctions. Moreover, our experiment also indicates that strong electron-electron interactions may play an importance role in affecting electronic properties of the GQD. Further experiments should be carried out to explore how the electron-electron interactions affect the WGMtype confinement of the massless Dirac fermions in the GQD. 
